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The absorption spectra of H2S from 2000 to 11 147 cm I have been obtained with spectral resolutions of 0.006, 0,012, and

0.021 cm _ using the Fourier transform spectrometer at Kin Peak National Observatory. The transitions of 21 bands have been

assigned for the first lime and 9 others reanalyzed so that accurate energy levels, band origins, and rotational parameters could

be determined. The analysis of these data revealed some remarkable features in the energy spectrum, e.g., fourfold clustering of

rotational levels belonging to the symmetric and asymmetric components of local mode manifolds at a high degree of stretching

excitation. This paper reports fitted vibrational parameters and predicted band origins of H232S up to 12 735 cm i. 11 also presents

the degenerate rotational constants and upper state energies of (30 I} (202) and (311)-(212) at 1 p,m as illustrations of clustering

in the local mode limit.

Les spectres d'absorption de H2S entre 2000 et 11 147 cm-l ont ete obtenus avec des resolutions spectra[es de 0,006, 0,012 el

0,021 cm- _, en utilisant le spectrometre _ transform4e de Fourier du Kitt Peak National Observatory. Les transitions de 21 bandes

ont ere identifiees pour la premiere fois, et 9 autres ont ete reanalysdes de faqon _ pouvoir determiner avec precision les niveaux

d'dnergie, les origines de bandes et les param&res rotationnels. L'analyse de ces donndes a revele quelques parliculariles

remarquables du spectre d'energie, entre autres le groupement quadruple de niveaux rotationnels appartenant aux composantes

symetriques et asymetriques d'ensembles de modes locaux '3.un haul degre d'excitation d'allongement. On donne dans cet article

des valeurs ajustdes des parambtres vibrationnels, ainsi que des predictions pour les origines de bandes de H_32S jusqu'a

12 735 cm i. On presente aussi les conslantes rotationnelles degenerees et les energies des etats superieurs de (301)-(202) et

(311)-(212) '_ I p,m, comme illustration du groupement '_ la limite des modes locaux.

[Traduit par la redaction]

Can. J. Phys. 72,989 (1994)

1. Introduction

The detailed knowledge of hydrogen sulfide absorption
spectra has application for terrestrial atmospheric pollutant
measurements and for the investigation of chemistry in the
atmospheres of Venus and the outer planets. From a theoretical
viewpoint, hydrogen sulfide is an interesting example of a light
asymmetric rotor for which the internal nuclear motion can be
strongly perturbed by intramolecular interactions arising from
vibrational or rotational excitation. For this reason, the

vibrational-rotational energy spectrum of HxS has been modeled
in numerous papers using new theoretical approaches to
demonstrate the effects of the local mode vibrations or

bending-rotation coupling [ 1-3]. The infrared spectrum of UxS

has been the subject of several high-resolution studies
concerning the ground vibrational state [4, 5], the first excited
level (010) at 8.3 p.m [6, 7], the first triad of interacting states
{(020)-(100)-(001)} at 4 IJ.m [8], two levels {(110)-(011)}
from the second triad at 2.7 IJ.m [9], and the {(101)-(200)} [10]
and {( 111 )-(210) } [ 11 ] states belonging to the first and second

hexades at 2 t-Lmand 1.6 p,m, respectively. However, up to now,
the knowledge of hydrogen sulfide absorption and its energy
spectrum has been incomplete, especially in the case of weak
overtone stretching and bending modes. The lack of experi-
mental data has limited both the theoretical analysis and the

prediction of the near-infrared and the visible regions.
The present study reports the vibrational assignment of H_32S

overa wide spectral interval from 2000 to 11 147 cm t. Figure 1

IAuthor to whom correspondence may be addressed.

shows a composite spectrum obtained from two different optical
densities. In all, transitions of a total of 30 vibrational bands have
been observed. Of these, 21 bands, including (311) at
11 008 cm _, have been identified at high-resolution for the first
lime. In this report, we present the vibrational energy levels
analysis along with the rotational assignments at I i,tm of pairs
of parallel and perpendicular bands thai become rotationally
degenerate in the local mode limit.

2. Experimental details

Laboratory spectra of HzS were recorded at 0.006, 0.012, and
0.020 cm _ resolution with the Fourier transform

spectrometer located at the McMath telescope facility at Kilt
Peak National Observatory/National Solar Observatory. Data
were obtained using three different beamsplitters (KCI, CaF2,
and quartz) in conjunction with As-doped silicon, lnSb, and
photo-diode detectors in five different band pass intervals:
1000- 2600 cm -I, 1800-5500 cm _, 3600-9000 cm _, 3600-
13 000 cm _,and 8600-16 000 cm _.The optical sources were

a globar at longer wavelengths and a quartz projection lamp in
the near-infrared and visible regions. Optical path lengths were
changed from 1.5 m to a maximum of 433 m by using three
different stainless steel absorption cells. Sample pressures were
varied frorn 1.49 to 30 Torr (1 Torr = 133.3 Pa) at room temper-
ature. For some scans, a second absorption cell containing CO
was placed in series with the H2S cell to establish the frequency
calibration in the near-infrared using the 2-0 positions reported
by Pollock et al. [12]. Each spectrum was usually integrated
70-80 rain to produce signal-to-noise ratios ranging from

Prinlcd in Canada / Irtlprillle au Canada
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FI(;. 1. The observed spectra of H2S recorded at two optical densities. Top: 28.5 m with 9.99 Tort at 289 K. Bottom: 433 m with 29.9 Torr
at 298 K. The upper panel shows the portions from the 1800-5500 and 3600-9000 cm J band passes, which are joined together at 4000 cm t The

lower frame is taken from the 3600-13 000 (left) and 86011-16 000 (right) cm i band passes. Spectral impurities arise from H20 at 37011, 5300,

7200, 8890, and 1060 cm _; CO., at 2350 and 3714 cm _: SO: at 2100, C2H 6 at 29811, and HCN at 3300 cm _.

TABLE 1. Summalion of assigned levels for 27 H2S bands in the near-mfrared

System Region (tzm) Band /max Ku (max) Number

Second triad 2.7

First hexade 2.0

Second hexade 1.6

First decade 1.3

Second decade 1.1

First or second pentadecades 1

030 X 6 41
110 ll) 7 94
011 11) 7 1_)

1140 9 7 54
120 10 7 73

021 II 9 115
21_ 11 10 124
101 11 10 128
002 11 6 68

O50 12 5 65
130 8 7 63
031 8 7 65
210 8 7 67
111 8 7 6O

121 7 6 65
102 8 7 75
201 8 8 74
300 8 8 75
0113 8 8 76

112 9 7 74
211 9 8 86

301 8 8 74
202 8 7 47
400 9 8 58
t03 9 8 67
3tl 8 8 63
212 7 7 35

*SYSTEM indicates the total number of interactmg states: triad (3), hexade (6), decade (10), and pentadecade (15). BAND is the quanta of

vl v2v3 ( 110, 011, 101,002. 210, and 11 I have been previ_msly studied at high resolution). NUMBER shov, s the total number of upper state levels

assigned to maximum J and K_..
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FIG. 2. An apodized Kitt Peak FTS spectrum of HeS in the P-branch region of (021). The ,1" assignments of the K a

The optical path is 28.5 m, and the sample pressure is 9.99 Torr at 289 K.

= 0,1 lines are indicated.

1000:1 at 2.5 I,zm to 400:1 at 8 btm to 50:t at 1 _m. Figure I
gives a composite spectra obtained with the last four band passes:
the top was recorded with a 28 m optical path and 9.99 Torr of
HzS at 289 K; the two band passes are joined together at
4000 cm i. The bottom trace was obtained with a 433 m path
and 29.9 Torr at 298 K.

The line centers were determined either by doing first and

second derivatives of the apodized spectra or by least-squares
fitting of the Voigt contour with the unapodized data. The
precision and accuracy of a line center varied according to the
region, gas pressure, and degree of blending with other features.
Between 2000 and 5500 cm _, where the resolution was

0.012 cm ', the precision is 0.0002 cm -_, and the accuracy is
0.0004 cm _or better for strong, isolated lines. For weak lines
and all lines above 6600 cm _, these values are worse by a factor

of two because of the reduced signal-to-noise ratio. However, at
I 1000 cm _where the resolution was 0.021 cm _, the precision
at best is 0.0010 cm _because the signal-to-noise ratio was poor.

In addition, higher sample pressures of 10-30 Torr were required
to observe these very weak bands so that line centers were

affected by pressure shifts. The absolute line positions were
further degraded because no suitable calibration lines were
available near 1 tzm; for the interim, these data were calibrated

using H,S lines at 8800 cm * recorded using the 3600 to
13 0{X) cm = band pass with the same gas sample. Overall, the
accuracy of the near-infrared positions between 8000 and
11 000 cm _is estimated to be 0.005 cm i or better.

3. Line assignments and rotational energy levels

The line assignments were made using the combination
differences and estimated line frequencies and strengths as
described in ref. 13. The line assignment process was followed
by continual fitting of the rotational constants to obtain better
predicted line positions and relative strengths. Such a procedure
often permitted the identification of weak lines that could not be
assigned by usual combination difference methods. Table 1
summarizes the upper vibrational states of 27 bands belonging
to different interacting band systems (triad, hexade, decade, and

pentadecade) that have been observed so far in the near-infrared
portion of the Kilt Peak spectra. The extent of identification is
given by indicating the largest values of the ,1 and K, quantum
numbers (Jm,_ and Ka(max)) obtained up to now and the total
number of upper state levels assigned. Figure 2 shows the P
branch of (021) recorded at 0.012 cm t resolution with a 28 m
optical path and 9.99 Torr of H2S at 289 K. Table 2 lists the
observed band centers for 31 energy states; the value of the
lowest fundamental is from ref. 7. All but five band origins were

obtained using the observed assignment of P(I,I, I ) or P( 1,0,1 )
to the 0,0,0 levels. Table 2 also lists the experimental line

positions and corresponding intensities (in cm -'aim _at room
temperature; 1 aim - 101.3 kPa) of the PI lines. For the (040),
(050), (202), (212), and (400) states, the band centers were

determined by fitting available assignments because the P1 lines
were too weak to be observed. The accuracy of these fitted values

ranges from 0.002 to 0.005 cm i.
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TAIMJ-3. Vibrational spectroscopic constants of H232S*

Parameter Value (cm - 1) Parameter Value (cm- I)

col 2719.177(I (760) y122 x 100 -5.82 (190)
m2 1212.840 (170) y123 1.141 6 (240)
m3 2735.8241 (,R60) Y222 × 100 6.324 (850)
.Vt] 24.2588 (120) Y233 × 100 8.87 (200)
._'12 -- 17.0492 (800)
Xl3 --94.'0594 (210) I'DD -23.274 98 (790)
.v22 5.3160 (740) 3'2 0.475 7 (120)
x23 - 21.3253 (860)
x33 -24.4936 (160)

# ,

Esttmateduncertainties mthe last digits (in parentheses) arcone standarddeviation. Numberof levels,
30. Number of parameters. I. : rms. cm ,0.03?. Max. devlatum, cm , ( .i 72,

The intensities are given as an indication of relative band
strengths. However, a number of caveats apply. The values are
determined in normal isotopic abundance, rather than for a 100%
H_32S sample. At best (for the 4 p.m triad), the accuracies are
-+5%. Except for the first triad, these intensities were retrieved
from only one or two optical densities, rather than the usual five
or six scans; therefore they may have a systematic offset of
perhaps -+20% that will require correction alter more spectra are
recorded. Intensities of lines weaker than 10 5cm 2 atm _ are

accurate to only _+30%. The reported absorption intensity may
contain contributions from other transitions and thus be too high.
Finally, even if the measurement is good, caution should be
exercised in extrapolating one intensity into a band strength. We
note that Lechuga-Fossat et al. [8] required a seven-term dipole
moment expansion to fit measured intensities of the first triad;
the higher overtones are expected to have many resonances that

greatly perturb intensities. Additional intensity measurements
are planned, and their analyses will be included in a series of
"polyad" articles. Nevertheless, the intensities listed in Table 2
correctly indicate a surprising result seen qualitatively in Fig. 1
and in refs. 8 and I 1: in H_,S, the combination bands are relatively
strong compared to the fundamentals.

4. The vibrational energy levels of H232S

The observed band origins have been used to determine the
effective vibrational Hamiltonian constants and to calculate the

highly excited vibrational levels. The effective vibrational
Hamiltonian is |he "spectroscopic Hamiltonian" of ref. 14 that
includes the high anharmonic terms:

H = Z H, li> <Jl

where

if

....

{ (ul)(+_+2 l'_v(lz. )}{(11)(13)(13)(1l)}''ev,+_+_- "o:_ 37

1i> = [v, _., _,>, lJ> = Iv, _+ 2 v, v, 7-2) Darling-Dennison resonance

The spectroscopic parameters determined are the harmonic

frequencies _, to2, and m_, anharmonic x_j, Y,,k constants, and the
coupling Darling-Dennison resonance constants F_D and Y2.
The Fermi resonance was not included in the calculations

because it was found to be insignificant. The fitted vibrational
parameters of hydrogen sulfide are shown in Table 3 together
with estimated uncertainties (one standard deviation). It may be
seen that all the fitted constants are generally well determined.
However, some of these (co2, X2z, Y222) have correlation
coefficients up to 0.9.

Table 2 shows the vibrational energy levels of H2S up to

13 000 cm -_', the nine columns give the normal and local mode
assignments, the fitted and experimental values and the
differences, the line positions and intensities of the observed P I

lines, and calculated values from refs. 3 and 15. The local modes

are ascribed in the manner used by ref. 20. The maxim Jm
difference between observed and calculated vibrational eneJgy
levels is equal to 0.072 cm <. and the standard deviation is
0.038 cm *for 31 observed band centers. Although the fit d_es

not reproduce the band centers to their experimental accuracies,
it has to be emphasized that this vibrational energy levels
calculation is the best in the literature to date. We believe r_at

reproduction of the experimental data at this level does prov de
a useful prediction of the highly excited states.

The results of the "ab initio" calculation [ 15] of the vibratio ml
constants and levels (column 9, Table 2) seem to be in qualitat ve
agreement with our data. We do note that there are some laYge
differences between the experimental values and the ab initio



BYKOV ET AL.

TABt,E4. The energy differences in cm- 1between A1 and B 1stretching pairs

995

n = I EBI -- EAI n = 2 EB1 -- EA1 n = 3 EB1 -- EAI n 4 EBI -- EAI

v = 0 (100,001) 14.1 (200, 101) 2.3 (102,201) 0.2 (202,3011 0.(I

v = 1 (110,0111 10.1 (210,111) 1.1 (112,211) 0.(I (212,3111 0.0

v = 2 (120,0211 6.4 (220, 121) 0.3 (122,221) -0.0 (222,321) 0.(1

v = 3 (130,0311 3.0 (230, 1311 0.3 (132,231) -0.0 (232,3311 0.0

7, = 4 (140,0411 -0.1 (240, 141) -(I.5 (142,241) -0.0 (242, 3411 0.(1

v - 5 (150,0511 -2.9 (250, 151) -0.6 (152,251) 0.0 (252.3511 0.0

* v is the number of bending quanta of v2. n is the total number of stretching quanta of vt and v3. The stretching pairs are shown in parentheses.

calculations for the (040) state and other higher vibrational states
involving the bending vibration. The levels involving low
excitation of the bending mode (v 2 < 3) calculated by Kozin
and Jensen [3] using the variational MORBID (Morse Oscillator
Rigid Bender Internal Dynamics) method (column 8, Table 2)
agree within 1 cm _ with our results. For states involving the
excited bending vibration, the differences between our and the
Kozin, Jensen calculations range from 2 cm _for the (040) state
to 30 cm _for the highest bending state (080). Note that in the
case of our calculations, the agreement for the (040) state is
satisfactory because its observed upper state level was used in
our fitting, while in the Kozin, Jensen paper the (040) energy
value is purely a prediction.

The MORBID approach uses the exact vibration-rotation
Hamiltonian with the intramolecular potential energy function
having a reasonable asymptotic behavior. Energy levels are
calculated by a "direct" numerical diagonalization, and the
potential energy function parameters are fitted to a large number
of rotational-vibrational levels of four isotopic species of

hydrogen sulfide. The MORBID calculations tend to give
accurate energy levels; hence the good agreement between our
levels and those predicted within the MORBID approach is
evidence of the validity of the effective vibrational Hamiltonian
method.

5. The local modes in hydrogen sulfide

5.1. Vibrational energy spectrum of H2S and local mode limit
The traditional theory of vibrational-rotational spectra is

based on the concept of normal coordinates and a perturbation
treatment of vibration-rotation interactions with anharmonic
corrections and relevant effective rotational Hamiltonians [16].

The conventional approach has been successful in explaining the
spectra caused by transitions to low-lying vibrational states, but
other approaches are required for highly excited vibrational
states. The local mode model has been successfully applied to fit

the vibrational spectra of lt2X, XH3, XH 4, and several other types
of molecules (see, for instance, refs. 17-28). In this treatment,

the molecule is represented as the sum of independent Morse
oscillators with a weak potential and kinetic couplings between
them while the bending vibration is frozen. The local mode

model does explain the spacing between states of symmetric and
asymmetric vibrational mode (the local mode pair) and the
degeneracy of these levels under high excitation.

An extensive set of H_S vibrational-rotation energies

(experimental and calculated) gives us a unique opportunity to

understand the local mode limit in some detail. We first note that

the relation predicted by Lehmann [26] and described by Mills
and Robiette [27] is satisfied by the fitted H2S parameters shown
in Table 3.

-% = x33 = 0.25x_3 = FDD

or

- 24.3 = -24.5 = -23.7 = -23.3

Secondly, we can determine the energy where the "local mode
limit" is reached so that the stretching modes become degenerate.
The energy differences between stretching pairs (En_ - EA0 are
presented in Table 4. These clearly demonstrate the influence of
the bending vibration on the stretching pair spacing. When
bending vibration is frozen (column 1 in the Table 4) the
stretching pairs become degenerate beginning at n = 3. When
the number of the stretching quanta are small, the increase of the
bending vibration quanta leads to a sharp decrease of
EB_ -- EA_. When the number of the stretching quanta exceeds
two, the bending vibration does not affect the degeneracy of the
pairs.

5.2. Rotational energy levels at the local mode limit
Despite extensive studies of local mode vibrational motion in

different types of molecules and the theoretical analysis of
rotational structure of an isolated mode doublet, there is only
limited information about the rotation-vibration energy
structure for the case of local mode behavior (see ref. 25).

Existing models employ simplifying assumptions about the
intramolecular potential energy function [23]. Little has been
reported about the rotational structure in the local mode limit.

In the present study, we examined the rotation-vibration
energy levels of the nearly degenerate pairs of vibrational states
corresponding to the excitation of three and four quanta of the
stretching vibration. Band origins and rotational constants were
determined by fitting experimental energy levels. For example,
the calculated and observed upper state levels, the differences
between observed and calculated values, and the mixing
coefficients for the {(301)-(202)_ and {(311)-(212)} local

mode pairs are presented in Tables 5 and 6, respectively. We
noted some interesting features. First, all levels of the stretching
pairs are at least doubly degenerate, despite the fact that they are
determined from different sets of lines of parallel and
perpendicular bands. In the first pair, the degenerate pairs consist
of one level belonging to (3011 and another one belonging to
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TABLE 5. Upper state energy levels (in cm I) and mixing coefficients for the (301) and (2(121 vibrational states of H2 _S

J Ka Kc

(301) (202)

Ecalcd Eobsd O-C Mixing Ecalcd Eobsd O-C Mixing

0
0
1
l

0
I
1
2
2
0
I
1

2
2
3
3
0
1
1
2
2
3
3
4
4
0
I
I
2
2
3
3
4
4
5
5
0
1
I
2
2
3
3
4
4

5
5
6
6
0
1
1
2
2
3
3
4
4
5
5
6
6
7
7
0
1
1
2
2

0 9 911.022
I 9 923.854
I 9 925.371
0 9 929.250
2 9 947.148
2 9 946.784
1 9 958.779
1 9 963.323
0 9 966.046
3 9 978.421
3 9 978.364
2 10 001.776
2 10 000.081
1 10011.375
1 10020.387
0 10 021.965
4 10 018.757
4 10018.749
3 10 050.634
3 10 O5O.252
2 I0 (}74.782
2 I0 070.300
1 I0 081.962
1 10 (}96.656

0 10 097.433
5 10 068.042
5 10 068.041
4 10 108.901
4 10 108.837
3 10 140.678

3 10 139.267
2 I0 66.294
2 10 57.450
1 10 71,040
1 10 92.177

0 10 92.518
6 10 26.252
6 10 26.252
5 10 76.181
5 10 76.171
4 10216.616
4 10 216.306
3 10 248.563
3 l0 244.849
2 10 261.842
2 10 276.432
1 10279.171
I 10 306.924

0 10 307.063
7 10 193.376
7 l0 193.376
6 10 252.368
6 10 252.367
5 10 301.762

5 10 301.703
4 10 341.752

4 I0 340.693
3 10 374.354
3 10 366.698
2 10 405.282
2 10 383.948
1 10 406.679
1 10 440.815
0 10 440.868
8 10 269.402
8 10 269.402
7 10 337,440
7 10 337.439
6 10395.818

9 911.022 0 100.0 0.0
9 923.856 2 83.0 17.0
9 925.369 -- I 83.0 17.0
9 929.253 2 100.0 0.0
9 947.143 5 54.4 45.6
9 946,777 6 53.4 46.6
9 958.782 2 82.9 17, I
9 963.322 0 82.9 17.1
9 966.1/47 0 98.9 1.1
9 978.421 0 86.6 13.4
9 978.362 - 1 86.8 13.2

10 001.772 -3 54.8 45.2
10 000.079 I 50.4 49.6
10011.381 5 82.2 17.8
10 020.386 0 82.5 17.5
10 021.960 -4 95,6 4.4
10 018.758 0 99.4 0.6
10 018,752 2 99.3 0.7

10 050.634 0 85.7 14.3
10050.251 0 84.2 15.8

10 074.780 - 1 55.5 44.5
10070.290 -9 45.9 54.1
10 081,965 2 79.8 20.2
10096.655 0 81.3 18.7
10 097.432 0 90.4 9.6
10 068.039 -2 60.2 39.8
10 068.040 0 53.1 46.9
10 108.907 5 98.5 1.5
10 108.835 - 1 98.3 1.7
10 140.672 -5 84.5 15,5
10 139.266 0 79.5 20.5
10 166.291 2 56.7 43.3
10 157.444 -5 42.0 58.0
10 171.036 -3 74.4 25.6
10 192.177 0 79,4 20.6
10 192.519 0 85.0 15.0
10 126.250 - I 99.1 0.9
l0 126.2511 -- 1 52.4 47.6
10 176.187 5 94.4 5.6
10 176.176 4 95.6 4.4
10 216.620 3 96.8 3.2
10 216.307 0 95.8 4.2
10 248.568 4 82.8 17.2

71.5 28,5
10 261.837 4 60.1 39.9

41.3 58.7
10 279.176 4 65.7 34,3
10 306.926 I 77.0 23.0
10 307.065 2 80.2 19.8
10 193.377 0 98.9 1.1
10 193.375 0 51.0 49.0
10252.363 -4 89.1 10.9

10 252.363 -3 94.8 5.2
10 301.758 -3 94.1 5.9
10 301.720 16 94.4 5.6
10 341.764 I l 94.0 6.0
10 340.696 2 90.8 9.2

80.8 19.2
10 366.692 5 62.2 37.8

61.3 38.7
10 383.953 4 40.5 59.5

55.4 44.6

10 440,809 6 74.2 25.8
10 440.866 - I 76.0 24.0
10 269.398 -3 99,7 0.3
10 269.405 2 511,5 49.5

10 337.445 4 99.1 0.9
10 337.439 0 98.7 1.3

86.6 13.4

9 911.022
9 923.854
9 925.37 I
9 929.250
9 947.148
9 946.784
9 958.779
9 963.323
9 966.046
9 978.422
9 978.364

10 (X)1.776
10 000.081
10 011.375
10 020.387
111021.965
10 018.757
10 018.749
10 050.633
10 050.252
10 074.782
10 070.300
10 081.962
10 096.656
10 097,433
10 068,04 I
10 068.042
10 108.901
10 108.836
10 140.678
10 39.266
10 66.294
10 57.451
l0 71,040
10 92.177
10 92.517
10 26.252
10 26.253
10 76.182
I(J 176,172
10 216.616
IO 216,306
10 248.563
10 244.851/
10 261.843
10 276.432
10 279.171
10 306.924
10 307.062
10 193.376
10 193,377
10 252.369
10 252.367
10 301,762
10 301.703
10 341.751
I0 340.693
I0 374.354
10 366.697
10 405.282
10 383.948
10 406.678
10 440.815
10 440.868

10 269.402
10 269.4113
10 337.440
10 337.438
10 395.818

0.0 100.0
9 923.849 4 17.0 83.0

17.0 83.0
0.0 100.0

9 947.141 -7 45,5 54.5
9 946,781 -2 46,7 53.3
9 958.772 - 6 17. I 82,9
9963.315 -7 17.1 82.9

l.l 98.9

13,0 87.11
13.6 86.4

10 001.774 - I 45.1 54.9
I0 000.087 5 49.6 50.4
10 011.370 -4 17.8 82.2

17.6 82.4
10021.958 -6 4.4 95.6
10018.752 -4 0.6 99.4
10018.758 8 0.7 99.3
10 050.616 - 16 14.3 85.7
10 050.245 -6 15.8 84.2

44.5 55.5
l0 070.301 0 54.1 45.9

20.2 79.8
10096.647 -8 18.7 81.3
10 097.423 -9 9.6 90.4
10 068.040 0 46.9 53, l
10 068.039 -2 39.8 60.2

1.5 98.5

1.7 98.3
10 140.676 -I 15.5 84.5

20.6 79.4
II) 166.294 0 43.3 56.7

58.0 42.0
I0 171.036 -3 25.6 74.4

20.6 79.4
10 192.512 -4 15.(I 85.0
111126.250 -1 47.6 52.4
II1 126.250 -2 0.9 99.1
I0 176.176 -5 4.4 95.6
tl) 176.187 14 5.6 94.4

3.2 96.8
4.2 95.8

17.2 82.8
10244.833 16 28.5 71.5

39,9 60.1
10 276.432 0 58.7 41.3

34.3 65.7
10 306.920 -3 3.0 77.11
10 307.077 15 19.8 80.2
10 193.375 0 49.0 51.0
10 193.377 0 1.1 98.9
10 252.363 -5 5.2 94.8
10 252.363 -3 10.9 89.1

5.5 94.5
10 301.710 6 6.0 94.0

6.0 94.0

9.2 90.8
19.2 80.8

37.8 62.2
10 405.297 14 38.7 61.3

59.5 40.5
44.6 55.4

10 440.808 -7 25.8 74.2
10 440.865 -2 24.0 76.0
10 269.398 -3 49.5 50.5
10 269.405 I 0.3 99.7
10 337.445 4 1.3 98.7
10 337.439 0 0.9 99.1

13.1 86.9
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TABLE5.(concluded)

997

J Ka Kc Ecalcd

(301)

Eobsd O-C Mixing

1202)

Ecalcd Eobsd O-C Mixing

8 3
8 3
8 4
8 4
8 5
8 5
8 6
8 6
8 7
8 7
8 8
8 8
9 0
9 1
9 1
9 2
9 2
9 3
9 3
9 4
9 4
9 5
9 5
9 6
9 6
9 7
9 7
9 8
9 8
9 9
9 9

6 10 395.808
5 10 444.553
5 10444.312
4 111484.219
4 10481.399
3 10 504.923
3 10553.512
2 10 552.867
2 10 524.359
1 10518.150
1 10 593.728

0 10 593.746
9 10354.317
9 10354.317
8 10431.377
8 10431.377
7 111498.712
7 0 498.708
6 0 556.341
6 0 556.290
5 0 604.340
5 0 603.557
4 0 644.004
4 0 637.862
3 0 659.950
3 10719.412
2 11/719.135
2 10 683.614
1 10 680.044
1 111765.521
0 I0 765.526

11'1395.794

10484.200

10 504.929

10518.160

10 593.745
10 354.316
10 354.316
10431.385
10 431.372

10 498.708

-13 86.8 13.2
91.9 8.1
91.4 8.6

-18 90.1 9.9
82.6 17.4

5 46.0 54.11
53.9 46. I
64.5 35.5
44.1 55.9

9 78.7 21.3
71.2 28.8

0 72.2 27.8
0 55.3 44.7
0 55.7 44.3
7 98.9 1.1

-4 53.7 46.3
81.1 18.9

0 71.6 28.4
83.2 16.8
82.6 17.4
88.4 11.6
87.11 13.0
85.3 14.7
71.8 28.2
51.8 48.2
61.4 38.6
67.7 32.3
49.9 50.1
76.4 23.6
68.2 31.8
68.7 31.3

10 395.808 10 395.808 0 13.4 86.6

10 444.552 8.2 91.8
10444.313 8.6 91.4
10484.217 9.9 90.1
10 481.399 17.4 82.6
10 504.924 54.0 46.0
10553.512 46.1 53.9
10552.867 35.5 64.5
10524.360 55.9 44.1
l0 518.149 21.3 78.7
10593.728 28.8 71.2
10593.747 27.8 72.2
10 354.317 10 354.321 3 44.3 55.7
10 354.317 10 354.321 3 44.7 55.3
10 431.377 10 431.385 7 46.3 53.7
10 431.375 l0 431.372 -2 l.l 98.9
10 498.711 28.4 71.6
10 498.709 18.9 81.1
10 556.341 17.4 82.6
10 556.291 16.9 83.1
10 604.341 11.6 88.4
10 603.558 13.0 87.11
10 644.005 14.7 85.3
10 637.864 28.2 71.8
10 659.949 48.2 51.8
10 719.412 38.6 61.4
10 719.134 32.3 67.7
10 683.615 50.1 49.9
10 680.045 23.6 76.4
10 765.521 31.8 68.2
10 765.527 31.3 68.7

*O C observed - calculated band centers in units of 10 -3 cm-i.

(202). The degeneracy is within 0.018 cm-I for levels listed in

Table 5.

To model the observed levels, the effective rotational

Hamiltonian is written in the usual manner; apart from the

Watson-type "diagonal" Hamiltonian, it contains the

Coriolis-type "resonance" operator. If we use the Hamiltonian

with different rotational and centrifugal distortion constants for

the two vibrational states belonging to the given local mode pair,

we find that the parameters of the two states are very similar. For

instance, the rotational constants of the (301) and (202) pair are

9.615 98 _+ 0.000 60, 8.614 83 +- 0.000 71, 4.476 45-+-

0.000 13 and 9.615 89+-0.000 69, 8.613 15 +-0.00077,

4.476 77 +- 0.000 17 for the A, B, and C constants, respectively,

and the centrifugal distortion constants are equally close. If we

force the rotational constants of the pairs to be equal, reducing

the number of fitted parameters from 17 to 9, the quality of the

fitting does not change very much; in the first case, the standard
deviation is 0.005 cm _and for the second it is 0.006 cm _.Thus,

one can conclude that the highly excited local mode vibrations

lead to an alignment of rotational and centrifugal distortion

constants for the paired states and that the parameters become

identical. As a consequence one can use for the calculations the

simple models with fewer adjusted parameters. The fitted

parameters for these states are presented in Table 7. The

Hamiltonian reproduces the experimental data well enough to

assign unambiguously the spectrum recorded at 0.02 cm

resolution. For 120 energy levels of 13011-(2021 and 129 levels

of (311 )-1212), the standard deviations are 0.006 cm _, and the

largest deviation is 0.017 cm

As seen from Tables 5 and 6, the mixing between rotational

sublevels is strong. There are numerous levels with

approximately fifty-fifty mixing, and the maximum of the

mixing shifts toward the larger values of the Ka quantum number

with increasing J. This causes the strengthening of the weak

component of local mode pair (e.g., (202)). As a consequence,

there are a large number of lines that are actually doublets. This

leads to some difficulties in the energy levels determination. We

also found examples of fourfold clustering in the (301)-(202)

pair starting with J = 4 levels at K a = 0 and 1 of both states.

For J = 6, the degeneracy is 0.001 cm -l, and analogous

clustering takes place for K, = 1 and 2 levels starting at

J = 6,andforKa = 2and3atJ = 8etc. Thiskindoffourfold

clustering was previously predicted by Lehmann [23] and later

confirmed by Kozin and Jensen during MORBID calculations

for the vffv 3 bands of H2S [3] and H2Se [28]. This type of

clustering is formed by "coexistence" of two energy doublets

belonging to the states of a local mode pair. The present result is

experimental evidence of this phenomena at low J and K,,

values.

6. Conclusion

The large set of rotational-vibration energy levels obtained

from the high-resolution Fourier transform spectra of H_S up to

l l 147 cm -_ has permitted detailed studies of its vibrational

structure in the local mode limit. The high excited bending

vibrational states (030), (040), (050), (130), and (031 ) have been

analyzed for the first time so that the bending-vibrational

interactions could be investigated. The local mode limit is clearly
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TABLE 6. Upper state energy levels (in cm and mixing coefficient for the 1311 ) and 12121 vibrational states of H232S

J Ka Kc

311) (212)

Ecalcd Eobsd O-C Mixing Ecalcd Eobsd O-C Mixing

0 0
0 1
1 1
1 11
0 2
1 2

1 1
2 1
2 0
0 3
1 3
1 2

2 2
2 1
3 1
3 0
0 4
1 4
1 3
2 3
2 2
3 2
3 1
4 I
4 0
0 5
I 5
I 4
2 4
2 3
3 3
3 2
4 2
4 1
5 1
5 0
(I 6
1 6
I 5
2 5
2 4
3 4
3 3
4 3
4 2

5 2
5 1

6 1
6 0
0 7
1 7
1 6

2 6
2 5
3 5
3 4
4 4
4 3
5 3
5 2
6 2
6 1
7 1
7 0
0 8

1 8
1 7
2 7
2 6

008.684
021.667
023.299
(127.451
045.107
044.714
057.555
062.443

065.352
076.331

076.270
099.519

101.350
I1 111.607
11 121.299
11 122.979
11 116.508

116.500
150.649
150.235
176.514
171.673
184.167
199.956
200.779
165.518
165.516
209.280
209.211
243.293
241.761
2711.725
261.189
275.769
298.449
298.809
223.335
223.336
276.820
276.810
320.090
319.755
354.265
350.244
384.109
368.395
387.005

416.738
416.885
289.949
289.949
353.158
353.156
406.014
405.951
448.766
447.621
483.626
475.351
516.747
493.798
518.215

11 554.719
I1 554.772
I1 365.350
I1 365.349
I1 438.269
I1 438.268
I1 500.747

008.684 0 10().0 0.0
021.669 I 83.3 16.7
023.301 1 83.3 16.7
027.451 0 11_).0 0.0
045.107 0 54.0 46.0
044.711 2 52.8 47.2
057.555 0 83.3 16.7
062.441 -1 83.3 16.7
065.355 3 98.9 1.1
076.336 4 86.3 13.7

076.272 2 85.9 14.1
099.518 0 50.1 49.9

101.349 0 45.7 54.3
111.604 -3 82.5 17.5
121.299 0 82.8 17.2
122.980 (1 95.6 4.4
116.51(I 1 99.5 0.5
116.506 5 99.5 0.5
150.651 1 85.8 14.2
150.232 -2 84.3 15.7
176.511 -2 55.0 45.11
171.665 7 45.5 54.5
184.165 -1 81t. 1 19.9
199.957 0 81.6 18.4
201t.778 0 90.5 9.5
165.524 6 96.7 3.3
165.524 8 99.1 0.9

II 209.286 5 98.7 1.3
11 209.2111 0 98.5 1.5
11 243.297 3 84.6 15.4
11 241.756 4 79.5 20.5
11 270.732 7 56.3 43.7
11 261.181 -8 41.7 58.3
11 275.775 6 74.7 25.3
11 298.449 0 79.8 20.2
II 298.811 1 85.2 14,8
11 223.333 -1 99.0 1.0
11 223.333 -2 99.3 0.7
11 276.817 -2 91.7 8,3
11 276.819 9 95.1 4.9
11 320.100 9 97.0 3.0
11 319.744 t0 96.0 4.0
11 354.269 3 83.0 17.1/
11 350.243 0 71.6 28.4
I1 384.114 4 58.3 41.7

11 368.402 7 39.7 60.3
I1 387.009 3 65.9 34.1

77.4 22.6
I1 416.881 -3 80.5 19.5
11 289.949 0 54.4 45.6
11 289.949 0 99.5 0.5
11 353.152 -5 61.7 38.3
11 353.152 --3 84.5 15.5

92.3 7.7
11 405.958 6 92.6 7.4

94.2 5.8
11 447.6111 -10 91.1 8.9

81.2 18.8
62.4 37.6
60.9 39.1
40.4 59.6
55.8 44.2

11 554.7211 0 74.6 25.4
76.3 23.7

11 365.3511 11 99.7 0.3
11 365.351/ 0 99.7 0.3
11 438.263 -5 98.8 1.2
11 438.263 -4 54.8 45.2

81.1 18.9

11
11
11
11
I1
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

008.684 0.0 100.0
021.667 I1 021.670 2 16.7 83.3
023.299 16.7 83.3
027.451 11 027.459 7 0.0 100.0
045.107 11 045.115 7 46.1 53.9
(N4.713 11044.716 2 47.1 52.9
057.555 16.7 83.3
062.443 I1 062.440 -2 16.7 83.3
065.352 1.1 98.9
076.331 111176.335 3 13.9 86.1

076.2711 11076.27(I 0 13.9 86.1
099.519 I1 099.517 -I 49.9 50.1
101.351 II 101.356 5 54.3 45.7
111.607 II 111.604 -3 17.5 82.5
121.299 I1 121.299 0 17.2 82.8
122.979 II 122.979 0 4.4 95.6
116.508 tl 116.506 -1 0.5 99.5
116.500 11 116.510 9 0.5 99.5
150.649 11 1511.641 8 14.2 85.8
150.234 11 150.237 2 15.7 84.3
176.514 45.0 55.0
171.674 11 171.672 -1 54.5 45.5
184.167 ll 184.166 0 19.9 80.1
199.956 11 199.955 0 18.4 81.6
2011.779 11 2/10.783 3 9.5 90.5
165.518 11 165.523 5 0.9 99.1
165.517 11 165.524 7 3.3 96.7
2t19.281 1.3 98.7
209.211 1.5 98.5
243.294 11 243.293 0 15.4 84.6
241.761 II 241.753 7 20.5 79.5
270.726 11 270.721 -4 43.7 56.3
261.190 58.3 41.7
275.767 II 275.765 -1 25.3 74.7
298.449 11 298.449 0 21/.2 79.8
298.809 11 298.809 0 14.8 85.2
223.335 1t 223.333 -1 0.7 99.3
223.336 I1 223.333 -2 1.0 99.11
276.821 I1 276.819 -1 4.9 95.1
276.811 11 276.817 6 8.3 91.7
320.1191 3.0 97.0
319.755 II 319.744 -10 4.0 96.1/
354.265 11 354.262 -2 17.0 83.0
350.243 11 350.247 3 28.4 71.6
384.11/8 41.7 58.3

368.396 11 368.403 7 60.3 39.7
387.004 34.1 65.9

416.738 11 416.738 0 22.6 77.4
416.884 19.5 8(I.5
289.948 II 289.949 0 0.5 99.5
289.949 11 289.949 0 45.6 54.4
353.157 11 353.152 -4 15.5 84.5
353.156 I1 353.152 -3 38.3 61.7
406.1114 7.3 92.7
41/5.952 7.8 92.2
448.765 5.8 94.2
447.621 8.9 91.1
483.626 18.8 81.2
475.349 37.6 62.4
516.748 39.1 60.9
493.798 59.6 40.4
518.213 44.3 55.7
554.718 25.4 74.6
554.773 I1 554.786 12 23.7 76.3
365.351 I1 365.350 0 0.3 99.7

365.349 I1 365.350 0 0.3 99.7
438.268 II 438.263 -4 45.2 54.8
438.268 I1 438.263 -4 1.2 98.8
500.747 15.2 84.8



BYKOVETAL.

TABLE6.(conchuted)

999

J Ka Kc Ecalcd

(311)

Eobsd O-C Mixing Ecalcd

(212)

Eobsd O-C Mixing

8 3
8 3
8 4
8 4
8 5
8 5
8 6
8 6
8 7
8 7
8 8
8 8

6 500.735
5 552.837
5 552.584
4 595.198
4 592.157
3 617.204
3 669.334
2 668.659
2 638.025
I 631.477
1 712.238
0 712.259

11 500.728 -7 84.8 15.2

90.3 9.7
89.9 10.1
90.4 9.6
82.9 17.1
45.7 54.3
53.5 46.5
64.0 36.0
44.1 55.9
79.1 20.9
71.7 28.3
72.6 27.4

500.736
552.838
552.584
595.197
592.157
617.203
669.333
668.660
638.026
631.478
712.238
712.259

I 1 500.728 -8 18.9 81.1
9.7 90.3

10.1 89.9
9.6 90.4

17.1 82.9
54.3 45.7
46.5 53.5
36.0 64.0
55.9 44.1
20.9 79.1
28.3 71.7
27.4 72.6

TABLE 7. Fitted constants (in cm-1) of local mode pairs of H2S

(301) and (202) (311) and (212)

Ev 9911.022 5 11008.683 6
A 9.614 81 (29) 9.929 16 (51)
B 8.615 33 (33) 8.841 91 (19)
C 4.476 61 (12) 4.415 53 (61)
Ak × 103. 3.990 (16) 4.067 (34)

Ajk X 1()_ 2.563 (10) -2.368 2 (44)
Aj × 10 4 6.531 (12) 6.560 9 (51)
_)k × 104 -3.155 (67) -6.0

_j × 104 2.950 (10) 2.970 5 (29)
Hk × 10 6 1.8 2.83 (53)
C.rz 0.569651 (88) -0.608 171 (87)

Standard deviation 0.006 cm 1 0.005
Number of levels 120 129

NOTE:Estimated uncertaintes are 1_r in the last digit. Parameters without uncertainties were held fixed.

demonstrated in several highly excited vibrational states:

(211)-(112), (30 t )-(202), and (311 )-(212). The rotational

structure of the stretching pairs is completely degenerate from

J = 0 up to J = 10, and the spacing between corresponding

levels in the stretching pairs is less than 0.02 cm -_. This allows

the mixing of the spectroscopic parameters of one vibrational

component with another component of the stretching pair. As a

result, a fourfold degeneracy of the K, = 0 and K_ = 1 arises

at low J values when strong excitation of the local modes occurs.

Refinement of the rotational constants and analyses of dipole

moment parameters are currently in progress and will be reported

later. Database predictions based on ref. 8 and the present results

are available for the 4 [xm region.
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